We studied the influence of different processing conditions on the crystallization and firmness of milk fat. Liquid milk fat was quickly cooled with a scraped surface heat exchanger to several temperatures ranging from 10 to 20°C to initiate crystallization, and in some cases subsequently passed through an agitated working unit, in which the crystallizing fat was subjected to high shear. Samples of the crystallizing fat were taken directly after either the scraped-surface heat exchanger or the agitated working unit. Crystallization and development of firmness were monitored by a number of techniques that were applied simultaneously. Crystallization was monitored by temperature measurement, nuclear magnetic resonance, differential scanning calorimetry, and microscopic imaging. Firmness was measured by penetrometry.
INTRODUCTION
Milk fat is a highly appreciated ingredient in a variety of food products; it has unique compositional and functional characteristics. The textural properties of milk fat are important for its application. Milk fat is partially solid at temperatures between approximately 5 and 25°C, and its consistency is due to the presence of a network of fat crystals in liquid fat (5, 18, 19, 23, 25) . In this network, the fat crystals are connected by solid connections (primary bonds). These bonds are formed by sintering during crystallization, when growing crystals touch and merge, or by flocculation of small crystal nuclei between two fat crystals (12) . Rupture of primary bonds by mechanical treatment leads to a softening of the fat (11) . However, the firmness quickly increases again because of a reorganization of the fat crystals into a relatively weak network bounded by van der Waals forces (secondary bonds). This is followed by the slow ongoing (re-)crystallization processes, which lead to the formation of new primary bonds (4, 7, 6, 10, 18, 22, 24) .
Compared with most other fats, milk fat sets into its final firmness relatively slowly due mainly to the very large number of triglyceride components with very large differences in fatty-acid composition. This would lead to structural incompatibilities, which obstruct the incorporation of triglycerides in the growing crystals.
The aim of this work was to investigate the relationship between the kinetics of milk fat crystallization and the development of firmness of milk fat. To achieve this, we monitored the temperature, solid fat content (SFC), differential scanning calorimetry (DSC)-heating curves and firmness on samples taken simultaneously from the crystallization setup. In addition, the structure of the fat crystals was visualized by microscopy. To mimic processing conditions as applied by the fat industry, milk fat was cooled rapidly to various temperatures with a scraped-surface heat exchanger (A-unit), or with a combination of an A-unit and an agitated working unit (B-unit) in series (16) . In the latter unit, the crystallizing milk fat was intensively sheared by a rotor fitted with pins. Both units are commonly referred to as 'Votators.' Finally, the effect of kneading-treatments on milk fat produced by the Votator line was studied by squeezing samples through a kneading plate (10) .
BACKGROUND
For practical applications of solidified fat, mechanical properties related to large deformations are usually important. These properties can be characterized by measurable quantities such as yield strain, yield stress, and apparent viscosity. An often-used and convenient method to characterize the firmness of semisolid substances is penetrometry (9) , which yields an apparent yield stress, Y apparent , which is called apparent because during the measurement the sample is strongly deformed locally (i.e., in the vicinity of the cone). It is often found that Y apparent is proportional to other measures for firmness, such as an apparent Young modulus measured by uniaxial compression (13) or an apparent elastic shear modulus (20) . When the conditions during crystallization (e.g., shear) are kept constant, the dependency between firmness and SFC often follows a power law, for example
with experimental constants α and µ. Examples of such power-law behavior are those reported by Kloek (13) and Narine and Marangoni (20) . Equation 1 is of the same form as models describing small-deformation elastic modulus, G′, of a colloidal gel formed by fractal aggregation of particles. As an example, Bremer et al. (3) found,
where Φ is the volume fraction of the colloidal particles and γ depends on the interaction between the primary particles and the number of effective strands per unit cross-section of the structure. The scaling exponent m is determined by the structure of the network. Fractal aggregation theory yields m = x/ (3-D) , where D is the fractal dimension of the network, and x is a factor that depends on the way fractal aggregates are connected (1, 2) . Theory also predicts that G′ decreases for increasing particle size. Despite the similarity with Equation 2, the analogous interpretation of Equation 1 by fractal aggregation theory is generally not allowed for fat crystallized at an SFC higher than a few percent. This is because the growth and aggregation of the primary particles of the network (i.e., the fat crystals) occur simultaneously, and therefore the structure is not purely formed by an aggregation process. Kloek et al. (14) discussed this point. At present, no suitable mechanistic theory describes the firmness of partially solidified fat at SFC values of more than a few percent. However, the firmness depends in a complicated way on three main parameters (11): SFC, interaction be- tween crystals, and structure of the crystal network. These three parameters depend on the crystallization process, which is in turn affected by the conditions during crystallization (temperature and shear). Like all triglycerides, milk fat may crystallize into several crystal polymorphs, which are classified into the main forms γ, α, β′. Due to the highly asymmetric molecular structure of a large part of the triglyceride molecules in milk fat, the β form is rarely observed (26) . The stability of the polymorphic crystal forms increases in the order γ < α < β′. This is reflected by a higher clear-point of the more stable polymorphic form and a slow transformation of crystals into a more stable polymorph, finally leading to a complete transformation into the β′-form.
The energy barrier for crystal nucleation is higher for more stable polymorphs. Therefore, if milk fat is quickly cooled to a given temperature, the most unstable form with a clear-point above that temperature will crystallize first, followed by a much later nucleation and crystallization of the more stable forms. This behavior is in accordance with the Ostwald rule of stages (21) .
The number, shape, and composition of milk fat crystals formed by cooling the melt is strongly affected by temperature conditions and agitation during the formation of the crystals (8) . Once crystals have formed, redistribution of triglycerides in (partially) solidified fat is strongly impeded, and recrystallization into more stable crystal forms and compositions proceeds extremely slowly. Partially solidified milk fat is therefore usually in a metastable state, and during storage slow recrystallization proceeds (18) .
Ten Grotenhuis et al. (26) and van Aken et al. (28) recently carried out detailed studies of the crystallization and fractionation of milk fat in the absence of shear using DSC and X-ray diffraction. They showed that two groups of triglycerides in milk fat, middlemelting triglycerides (MMT) and high-melting triglycerides (HMT), form separate β′-crystals. A third group of triglycerides in milk fat, low-melting triglycerides (LMT), remains liquid above approximately 10°C. The MMT and HMT groups were compared to the LMF, MMF, and HMF fractions defined by Timms (27) . HMT corresponds to a combination of HMF and MMF, MMT is a group of triglycerides present in LMF. The solidstate demixing of MMT and HMT was shown to be in agreement with the observations by Marangoni and Lenki (15) .
When milk fat was cooled to a temperature between the clear-point of the HMT β′-polymorph (approximately 35°C) and the clear-point of the α-polymorph (approximately 20°C), HMT β′-crystals started to form only after approximately 20 to 40 min because of slow 
MATERIALS AND METHODS
Anhydrous milk fat was obtained from Frico Union de Jong (Noordwijk, Groningen, The Netherlands). It was separated from milk collected in winter 1996 and was from the same batch as used by ten Grotenhuis et al. (26) and van Aken et al. (28) . The fatty-acid distribution has been reported by van Aken et al. (28) .
Crystallization in the Absence of Shear
Crystallization was carried out by melting milk fat at a temperature of 60°C, after which it was cooled to 40°C and then left to cool during measurement in a wide-line nuclear magnetic resonance (NMR) apparatus (see below), air-thermostatted at 10°C. The heat transfer between the sample and the thermostatting unit of the NMR apparatus was air-mediated, and therefore relatively slow. Heat generated by crystallization inside the sample therefore reduces the effective cooling rate inside the sample, and fast crystallization may even lead to a temporary rise of the temperature. Temperature was monitored during the NMR measurement directly inside the sample with a CopperConstantan thermocouple (type T thermocouple wire, insulated by a plastic tubing, Thermo Electric, Warmond, The Netherlands) directly in the center of the NMR tube. This increases the amplitude of background noise in the NMR-signal but, due to the small size of the thermocouple, the noise remained small and could be filtered out electronically.
Votator Line
The experimental setup of the Votator line is sketched in Figure 1 . The milk fat was first heated to 70°C to ensure that all crystals were melted, and then conveyed to the buffer vessel, which was kept at a temperature of 55°C. The molten fat was pumped (rotary lobe pump, APV, Houten, The Netherlands) at a rate adjusted to 52 kg/h through the A-unit (Schrö der & Co., Maarschalkerwaard, Twello, The Netherlands; volume: 0.5 L), resulting in a residence time of approximately 30 s in this unit. The rotational speed of the rotor was set at 300 rpm. The well-insulated tubing between the scraping section and the outlet of the A-unit was 35 cm long and 1.2 cm in diameter, resulting in a residence time of about 2.5 s in this tubing. In different experiments, the temperature at the outlet of the A-unit, T A , was set to 20, 17, 14, and 10°C. To reach T A = 20 and 17°C ice water was used as the cooling medium, and T A = 14 and 10°C were reached by cooling with ethylene glycol at a temperature of −11°C. The following processes are thought to take place inside the A-unit (16, 17) . The deep cooling at the internal scraped surface to temperatures far below the clear-point of milk fat (see Table 1 for clearpoints of various fractions and crystal polymorphs) leads to rapid crystal nucleation and growth. The scraping action removes the crystals from the surface and mixes them through the melt, producing an abundance of small crystals, which accelerates further crystallization. During the passage through the A-unit, the rotation of the scraper blades provides a continuous intensive agitation, which prevents the formation of a crystal network by disruption of crystal bonds.
In some of the experiments, the outlet of the A-unit was connected to a B-unit (Schrö der & Co, Maarschalkerwaard, Twello, The Netherlands; volume: 3.0 L). The rotational speed of the rotor was set at 390 rpm. The rate at which the milk fat was pumped through the combination of A-and B-units was again adjusted to 52 kg/h. At this rate, the fat was exposed to intensive shear in the B-unit for approximately 3 min. The total length of the well-insulated tubing with 1.2 cm diameter between the scraping section in the A-unit and the rotors in the B-unit was 75 cm, which corresponded to a residence time of approximately 5.5 s between the two units. The B-unit was not thermostatted and due to heat developed by crystallization or mechanical work, the temperature at the outlet of the B-unit often exceeded T A . The outlet of either the A-or B-unit was recycled to the heating unit.
Temperatures in the Votator setup were measured using Copper-Constantan thermocouples (MTS-10321-T, Thermo Electric, Warmond, The Netherlands).
For each run, 18 samples of milk fat were taken directly from the outlet of the A-or B-unit into separate plastic tubs (dimensions length × width × height = 10 × 6 × 4 cm; Bellaplast polarcup, ANL plastic, Ettenleur, The Netherlands), filled to the top and immediately scraped off to obtain a flat surface. Samples for SFC measurement were directly filled from the outlet into a cylindrical plastic tube with dimensions similar to the glass NMR tubes (see below), and then transferred into the NMR tube. In this way the incorporation of air bubbles in the milk fat sample could be avoided. Filled tubs and samples for NMR measurement were immediately stored at an environment temperature equal to T A until investigation. Samples for microscopic imaging were immediately transferred from the outlet of the A-or B-unit onto a microscope slide and placed on the thermostatted microscope stage.
Firmness
A cone-penetrometer (SUR PRN6, Sommer & Runge K.G., Berlin, Germany), equipped with a 40 cone, weighing 160 g, was used to measure the firmness of the samples. The penetration was measured with an accuracy of 0.01 mm. Firmness was expressed by an apparent yield stress, which was calculated from the cone penetration according to (9) ,
where W is the weight of the cone, expressed in kg; p is the penetration in 0.1 mm units and n is a constant dependent on the material studied. K is a constant depending on the cone angle and n. We used n = 1.6 and K = 0.5729, based on an empirical fit by Haighton (9) valid for margarine, butter, and shortening. The application of these values renders apparent yield stresses expressed in MPa. Values presented were averages of three determinations. The firmness was measured at environment temperature, T A , every 1 min during the first 20 min after production, and every 5 min during the next 40 min. After 1 h, measurements were taken at longer intervals. Because firmness measurements disturb the sample, a new tub was used after at most four measurements.
SFC
The SFC, expressed by the percentage of the fat in solid from, was measured with a wide-line NMR apparatus (Newport Analyser NA3 in combination with a Newport Temperature Controller WR3, Newport Oxford Instruments, Newport, UK). Measurements were taken approximately every 30 s during the first 20 min, followed by approximately every 5 min for measurements up to 3 h, and after 3 and 14 d. Glass measuring tubes, 30 mm diameter, 25 ml measuring volume, were used.
DSC-Heating Curves
The heat effect during heating of the sample was investigated by differential scanning calorimetry, us-ing a Perkin Elmer DSC7 calorimeter (Perkin Elmer Nederland, Nieuwerkerk aan de IJssel, the Netherlands). The instrument was calibrated with gallium and indium for all cooling and heating rates applied. Sample weights were between 5 and 15 mg. An empty sealed pan was used as a reference. Samples were taken from the tubs, sealed in a DSC pan and placed in the calorimeter. Samples for measurement after treatment in the Votator line were taken directly at the outlet of either the A-or the B-unit. The estimated time needed before DSC measurement was 2 min. Care was taken to avoid heating or cooling the sample before placing it into the calorimeter, and the calorimeter was allowed to stabilize at temperature T A for at least 5 min. Subsequently, the DSC measurement was started by heating the sample to 55°C at a rate of 20°C/ min while monitoring the heat transfer to the sample. During the first few (approximately 5) seconds of heating, a seemingly exothermic effect was observed due to an artifact in the measurement. DSC measurements were carried out 5 min, 15 min, 1 h, 3 d, and 14 d after collecting the sample.
Temperature
Temperatures were measured in the center of the tub with a nickel-chromium/nickel-aluminium thermocouple (Type K, Thermo Electric, Warmond, The Netherlands). Because of the low heat permeability of milk fat, heat produced by crystallization leads to a temporary higher temperature in the center of the sample with respect to the thermostatted environment.
Microscopic Observation
Samples of milk fat were taken directly from the outlet of the A-or the B-unit onto a microscope slide, squeezed under a coverslip, and immediately transferred to the thermostatted microscope stage (Linkam PE 60 Peltier stage controller, Sondag Optische Instrumenten BV, Berlicum, the Netherlands), thermostatted at T A . Observation was carried out with a microscope with crossed polarizers (Polyvar, ReichertJung, Wien, Austria) and equipped with a camera. Colored pictures were digitized and converted to grayscale pictures.
Kneading Treatments
Kneading treatments were carried out by the method described by Haighton (10) , by extruding the fat through a kneading plate with 24 holes with a diameter of 1. 
RESULTS

Crystallization in the Absence of Shear
Crystallization of milk fat in the absence of externally applied shear led to an unhomogeneous, partially solid and brittle substance, in which coarse crystals were visible to the naked eye. The increase of the SFC as a function of the measured temperature is shown in Figure 2 . The SFC started to increase approximately linearly with decreasing temperature below approximately 20°C. After 36 min the curve shifted up to a slightly steeper line at higher SFC values, which was accompanied by an increase of the temperature due to an increased production of crystallization heat. Apparently, an additional phase had started to crystallize. A second shift-up was observed after approximately 64 min.
These observations can be explained on the basis of the work by ten Grotenhuis et al. (26) and van Aken et al. (28) . Crystallization starts approximately at the α-clear-point (approximately 20°C), and the second crystallization process (after 36 min) corresponds to rapid retarded crystallization (due to undercooling) of β′-crystals of HMT or co-crystallization of HMT and MMT. The second, smaller, upward shift of the SFC presumably corresponds to retarded crystallization of MMT β′-crystals ( Table 1 ). The time scales of the transitions shown in Figure 2 are in reasonable correspon-dence with the time scales observed by isothermal DSC-experiments and X-ray diffraction experiments (Table 1) , although experimental conditions (size of samples and efficiency of heat transfer between the sample and the environment) were quite different.
We studied the effect of kneading on milk fat that was heated to 70°C and then left to crystallize in the absence of shear at 10°C for 24 h prior to the first kneading treatment. After each kneading treatment, the milk fat was stored for 1 d before the next treatment. Figure 3 shows the effect of these kneading treatments. Each kneading treatment led to softening of the fat, due to rupture of bonds between crystals. Shortly after a kneading treatment, the structure of the fat probably corresponded to a dispersion of fat crystal agglomerates, loosely bound by secondary bonds (10, 18) . The firmness appeared to be equally low shortly after each subsequent kneading treatment. Between each kneading treatment, the firmness increased, which was probably due to the formation of new primary bonds. This increase diminished with subsequent kneadings, indicating a decreased tendency to form new primary bonds. This possibly reflects the approach of equilibrium crystallization during a period of several weeks.
After the last kneading, the milk fat was left at rest. Figure 3 shows that the firmness slowly rose to a final value that remained below that before kneading. Apparently, recrystallization led to fewer or weaker primary bonds than first crystallization. 
Crystallization in the Votator Line
Crystallization in the A-unit. Figure 4 shows temperatures measured inside samples taken at the outlet of the A-unit. Crystallization was still in progress, as can be observed from the temperature rise of approximately 5°C above T A during the first 10 to 20 min after leaving the A-unit. This crystallization was reflected by the initial increase in the SFC for all curves in Figure 5 . Figure 4 shows that at longer times after passing the A-unit, a second increase of the temperature occurred, at 70, 140, and 220 min for T A = 10, 14 and 17°C, respectively. The corresponding second increase of the SFC observed in Figure 5 confirms that the second temperature increase was due to a retarded crystallization of part of the triglycerides. Note that at T A = 20°C, the second increase of the SFC was much smaller, which will be explained below. Figure 6 shows the DSC heating curves for samples that received A-unit treatment at T A = 20°C. The curves were normalized for the surface underneath the curves. The DSC heating curve at 2 min after sample collection shows an exothermic effect between 20 and 26°C, followed by a larger endothermic effect between 26 and 33°C. In view of the clear-points listed in Table  1 , the first exothermic effect could not be due to the crystallization of α-crystals, and must have originated from the formation of HMT β′-crystals, still continuing during the first few minutes of heating in the DSC apparatus. The large endothermic peak at a higher temperature corresponds to the melting of HMT β′-crystals.
The first exothermic effect was absent in DSC heating curves measured 20 min after sample collection and later. This shows that the formation of HMT β′-crystals had ended. The actual broad melting curve of HMT β′-crystals was fully visible here. The endothermic peak corresponding to the melting of HMT β′-crystals sharpened and slowly shifted to a slightly higher temperature with time, probably due to a slow redistribution of triglycerides between β′-crystals of HMT.
The DSC heating curve of milk fat that had received A-unit treatment at T A = 14°C is shown in Figure 7 . Also, for this temperature the DSC heating curve measured after 2 min started with an exothermic effect due to the formation of HMT β′-crystals at lower temperatures, followed by melting of these crystals at higher temperatures. The exothermic effect again disappeared after 20 min, and the broad melting range of HMT β′-crystals was revealed. A change of the curve was observed after approximately 1 h, showing a second broad melting peak in the temperature range 14 to 21°C, which is separated from the melting range of HMT β′-crystals by a small dip at 21°C. A comparison with the observations in Figures 2, 4 , and 5 and the values listed in Table 1 reveals that the melting range 14 to 21°C corresponds to melting of MMT β′-crystals. HMT and MMT β′-crystals clearly formed separately at different induction times. At T A = 20°C, hardly any MMT β′-crystals will have formed, because this is approximately at the clear-point of these crystals. This explains why the second increase of the SFC is almost absent for this temperature in Figure 5 . Even after 14 d the melting range of HMT β′-crystals (21 to 35°C) did not sharpen at the higher temperatures. Probably the redistribution of HMT fractions between the crystals was impeded by the higher stability of the mixed crystals at these lower temperatures.
Firmness measured after crystallization in the A-unit. Figure 8 shows the increase in firmness of fat after leaving the A-unit and stored at several temperatures T A . Directly after the outlet of the A-unit the firmness was relatively low, due to the structurebreaking action of the scraping impellers in the Aunit. For T A = 20°C the firmness increased within 20 min towards a relatively low value that remained constant over the next few hours, corresponding to the increase of the SFC towards a relatively low value ( Figure 5 ) due to the formation of HMT β′-crystals. The initial increase of the firmness increased with de- creasing T A , due to the higher SFC obtained by formation of HMT β′-crystals at lower temperature. A second increase appeared that corresponds with the second crystallization peak in Figure 4 , related to the formation of MMT β′-crystals, occurring earlier for lower T A . For T A = 10°C the second increase of the firmness cannot be distinguished from the initial increase. The final firmness is higher for lower T A , corresponding to the formation of a larger amount of MMT β′-crystals at a lower temperature.
Crystallization in the combination of A-and Bunits. As discussed in the previous section, a large part of the crystallization processes and the buildup of a crystal network occurred after the A-unit. When the outlet of the A-unit is fed into a B-unit, shearing will be continued for a longer time during crystallization and is therefore expected to result in a lesser firmness of the final product.
In the B-unit, the temperature of the milk fat rises because of the heat produced by crystallization of HMT β′-crystals and the heat introduced by the shear applied ( Figure 9 ). For T A = 20°C, the maximum of the temperature rise after processing with the combination of A-and B-units was, however, approximately equal to the maximum rise after the A-unit alone (Figure 9) . Apparently, the heat production by friction due to the shear applied in the B-unit was small compared with the crystallization heat of HMT β′-crystal formation. For T A = 14°C, the progression of the temperature indicates an acceleration of HMT β′-crystallization and an earlier formation of MMT β′-crystals caused by the B-unit. The final SFC, however, remained almost unchanged (not shown). Figure 11 shows the results for milk fat that had passed a combination of A-and B-units at T A = 14°C. The DSC heating curve of the sample taken immediately after the output of the B-unit shows the presence of crystals melting in the temperature range 23 to 33°C and is comparable in shape to the curve measured 1 Figure 10 . Change of shape of the differential scanning calorimetry curves during storage of samples collected after the combination of A-and B-units. T A set at 20°C. Heat effects observed in the gray region are due to an artifact in the measurement. h after processing with the A-unit only (Figure 7 ). This suggests that HMT β′-crystals were formed and that their crystallization was already ended. Closer inspection of the curve measured at 5-min reveals that the melting range of HMT β′-crystals in Figure 11 started at significantly higher temperature than in Figure 7 , indicating that the lower melting fractions of HMT were not yet crystallized. After 20 min, the formation of crystals melting in the temperature range 15 to 20°C became apparent, indicating the formation of MMT β′-crystals. However, as shown in Figure 11 , the dip separating the lower and higher melting ranges had shifted to slightly lower temperature than that in Figure 7 . Moreover, in Figure 11 the HMT crystal melting range started with an endothermic peak. This suggests that part of the triglycerides that crystallized with the HMT-group after treatment with the A-unit remained in solution during crystallization in the B-unit. This triglyceride fraction subsequently co-crystallized with triglycerides of the MMT group. The resulting mixed crystals are observed as the endothermic peak at the start of the melting range of HMT β′-crystals. After 14 d, these mixed crystals had largely disappeared because of recrystallization, returning to a DSC heating curve corresponding to the presence of separate HMT and MMT β′-crystals.
Firmness measured after crystallization in the combination of A-and B-units. In Figure 12 , the increase of the firmness during storage of milk fat treated with the combination of A-and B-units is compared to the increase of the firmness of milk fat that was treated with an A-unit only. Clearly, the treat- ment of the B-unit had led to a permanent softening of milk fat.
At T A = 14°C, the formation of MMT crystals, observed from a temperature increase in Figure 9 , did not lead to a sharp increase of the yield value of milk fat that had received treatment with the combination of A-and B-units. The yield value was seen to increase gradually during a prolonged period of time.
Microscopic examination of milk fat crystallized in the Votator line. Microscopic examination revealed differences in structure between milk fat samples that had received treatment with the A-unit or with the combination of A-and B-units.
A-unit treatment. Figure 13A shows a sample taken at the outlet of the A-unit at T A = 20°C. Small crystals are observed that were partially aggregated into clusters with diameters ranging between 20 and 50 µm. The needle-shape of the crystals strengthens the assumption that the crystals are β′-polymorphs. These clusters were often aggregated into larger clumps. Note that many unaggregated crystals can be observed in the regions between the aggregated crystals. In the foregoing, the crystals were identified as HMT β′-crystals that were still forming at the outlet of the A-unit. After 3 d, the fat crystal aggregates were completely grown together and separate clusters were hardly observable ( Figure 13B) , and the structure remained more or less the same at 14 d ( Figure 13C ). Figure 14A shows milk fat at T A = 14°C and approximately 1 h after sample collection. Comparison with Figures 4 and 5 reveals that this is long after the formation of HMT β′-crystals and approximately at the start of formation of MMT β′-crystals. An aggregated structure of many small crystals is observed, in which the separate crystals can hardly be distinguished. Not much difference could be observed after 3 and 14 d (Figures 14B and 14C) , when, in addition, MMT β′-crystals were crystallized.
Combined treatment with A-and B-units. Figure  15A shows the microstructure observed directly after sample collection at T A = 20°C. Rounded clusters of needle-shaped crystals, with diameters ranging between 20 and 50 µm, are clearly visible. The shape of the crystals and their melting range support the assumption that they were HMT β′-crystals. The rounded shape of the clusters suggests that some partial melting or softening of the crystals had occurred after their formation. This may have been due to the temperature increase to approximately 25°C at the outlet of the B-unit, which is well within the melting range of HMT β′-crystals. Pictures taken at longer time show that the rounded clusters remained, although the boundaries between the clusters became less clear due to the formation of primary bonds and the formation new crystals in the regions between the clusters ( Figure 15B and C) .
At 14°C, separate β′-HMT crystals were present directly at the outlet of the B-unit ( Figure 16A ). The temperature inside the B-unit remained well below 20°C, which explains why no rounded clusters of partially melted crystals were formed here. shows that large crystals (≈ 20 µm diameter) were formed after 3 h. Based on the observation from Figure  11 that mixed crystals are formed, these may be mixed crystals of triglycerides belonging to the HMT and MMT groups. The shape of these crystals was quite different from other crystal shapes observed in this study, and, in view of this differnce, we cannot not exclude that they belong to a polymorphic form other than β′. The recrystallization observed in Figure 11 after 14 d is observed as a demixing of these large rounded crystals into many smaller crystals ( Figure  16C) .
Influence of kneading treatments after longer storage times. To study the effect of rupture of primary bonds on milk fat after longer storage time, when the crystallization process was almost completed, kneading treatments were given to milk fat that was treated in the A-unit or the combination of A-and Bunits at T A = 14°C and after 14 d of storage. Figure  17 shows that immediately after kneading, the firmness had strongly decreased to values that were approximately equal for both cases and were also approximately equal to the firmness measured directly after kneading of milk fat crystallized in the absence of shear (Figure 3 ). Over the next 14 d the firmness increased again, which must have been due to the formation of new primary bonds between crystals. The firm- ness of the fat treated with the A-unit alone, however, rose to a value well above that obtained for the combination of A-and B-units.
DISCUSSION
When milk fat was cooled to temperatures between 10 and 20°C in the absence of shear, first a network of α-crystals was formed, which was replaced by a network of large HMT β′-crystals after approximately 20 min. Below 20°C, MMT β′-crystals were formed in addition after approximately 1 h. Kneading breaks the structure of crystals bound by primary bonds; however, firmness increases again due to recrystallization and the formation of new primary bonds.
Crystallization carried out in the Votator line showed some marked differences. Crystallization in an A-unit led to formation of many very small HMT β′-crystals, possibly in combination with α-crystals. The formation of HMT β′-crystals after the relatively short residence time inside the A-unit was possibly due to the very low temperatures at the scraped surface, which led to short nucleation times (28) . The scraping action inside the A-unit prevented the formation of large aggregates or a network of growing crystals bound by primary bonds, and a very soft product was yielded directly at the outlet of the A-unit. At T A = 20°C, growth of HMT β′-crystals largely took place during the first few minutes after leaving the A-unit, leading to a temperature increase well into the melting range of the crystals. The subsequent crystallization during the following 20 min led to an increase of the firmness by the formation of primary bonds between clustered crystals. The firmness, however, remained low due to the relatively low final SFC. After several days a slight further increase of the firmness was ob-served, which may be related to a recrystallization process in which a high-melting triglyceride fraction separated from the HMT β′-crystals. At T A = 14°C, MMT β′-crystals were formed after approximately 1 h, and this led to a much larger increase of the firmness by the formation of primary bonds.
Feeding the outlet of the A-unit into a B-unit at T A = 20°C led to the formation of a liquid dispersion of crystal agglomerates of HMT in liquid lower-melting fats. The working action inside the B-unit had broken up the larger aggregates into smaller ones, which seem to have partially melted into rounded clumps due to the temperature rise caused by the heat of crystallization. Hardly any unaggregated crystals are visible between the clumps, which is probably due to orthokinetic aggregation of the small crystals with the crystal clumps inside the B-unit. Slow formation of primary bonds between the crystal clumps could be observed on storage. The firmness, however, remained below that obtained by crystallization in the A-unit, possibly because of the large size of the primary particles of the aggregated network, which were now the rounded crystal clumps. At T A = 14°C, a fine dispersion of HMT β′-crystals was yielded from the outlet of the B-unit, with a melting range between 23 and 34°C. Because the temperature at the outlet remained below 20°C, the crystals remained solid. As a consequence, the firmness remained low compared with fat crystallized in the A-unit at the same temperature. The crystals contained only part of the triglycerides of the HMT group. After approximately 3 h, the remaining HMT seemed to co-crystallize with triglycerides of the MMT group, forming very large, smooth, mixed crystals. These mixed crystals might have grown at the surface of the existing HMT crystals. The large size of the crystals may explain the relatively low firmness of the crystal mass. The polymorphic form of these mixed crystals remained uncertain. Possibly it was an α-form, which has a less densely packed structure than the β′-form and is better able to accommodate different molecular structures. The α-form is also softer then the β-form, which would be another reason for the observed low firmness of the mixed crystals. After a few days the mixed crystals demixed and recrystallized into HMT and MMT β′-crystals with much smaller crystal sizes. This led to an increase in firmness of the fat and explains the observed retarded hardening.
After processing with an A-unit or the combination of A-and B-units, a considerable further softening of milk fat could be achieved by a mechanical treatment after the MMT β′-crystals had been formed. However, a slow increase of the firmness occurred due to ongoing recrystallization processes. 
CONCLUSIONS
The experimental work has clearly shown that the development of firmness of milk fat can be explained largely on the basis of the kinetics of formation of α-crystals and HMT and MMT β′-crystals. The process is, however, complicated because of the formation of mixed crystals of triglycerides belonging to both the HMT and MMT groups, and for which the polymorphic form is not certain. Further investigation is needed to clarify the formation and properties of these mixed crystals. The new insight developed by this work provides a basis for better control of the firmness of milk fat by adjusting the process conditions or alteration of the composition of milk fat.
